Here, we present work on the improved hybridisation and release of specially designed pegylated double stranded DNA strands with a pendant toehold. For this forensically relevant DNA namely amelogenin (AMEL) (a sex determination gene) and the human c-fms (macrophage colonystimulating factor) proto-oncogene for the CSF-1 receptor (CSF1PO) short tandem repeat (STR) were employed. Magnetic beads functionalised with oligonucleotide capture probes with complementarity to the dsDNA PCR product toehold were fabricated. Characterisation of the beads was achieved through dynamic light (DLS) scattering and attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy showing successful attachment of the oligonucleotides. The time frame of hybridisation between the dsPCR product toehold and the oligonucleotide modified beads was decreased from 6 h to 10 min by pre-incubation of the oligonucleotide functionalised magnetic beads in 2% aqueous sodium dodecyl sulphate (SDS) solution. Fluorescent microscopy was used to determine the time of toehold mediated strand displacement of the captured dsPCR product from the magnetic bead. Initially, displacement was achieved within 6 h. This was subsequently reduced to 3 h by the addition of a rate accelerator, PEG6000 at 10% v/v. Keywords: toehold mediated strand displacement; DNA; magnetic beads.
Introduction
The polymerase chain reaction (PCR) was developed as a method to amplify specific regions of DNA, such as microsatellites (or short tandem repeats, STRs). The discriminatory power and sensitivity of PCR amplification of STRs is unmatched and is a vital component of forensic work [1] . The location of a gene on a strand of DNA, commonly known as the loci, is targeted using a pair of primers which are short specific sequences of single-stranded DNA (ssDNA). These primers are complementary to the beginning of the gene of interest on each DNA strand. Often the primers used are modified to include a fluorophore that can be used to identify the PCR product when using capillary electrophoresis [1] [2] [3] .
The specificity of DNA allows for unique applications such as the targeted amplification of sequences of DNA and the incorporation of new properties using PCR. Strand displacement is also possible owing to the selective and self-assembled nature of DNA and opens up possibilities to develop programmable biological systems.
Toehold mediated strand displacement is a form of self-assembly that occurs owing to the base specific hybridisation nature of DNA [4, 5] . The most stable form of DNA is when the sequences are completely complementary [5] . Under the correct conditions DNA will only hybridise the complementary sequence, even if there is a discrepancy in the length of the two strands [6] . Toehold mediated strand displacement is achieved when there is such a discrepancy in the dsDNA molecule [5] . Strand displacement is a very dynamic process that can allow for logic gates, or DNA switches, to be used in programming biological computers [6] . Hybridisation of two ssDNA is a quick process in solution. However, this process is much slower when the hybridising DNA capture probe is attached to a surface. The issue is that the DNA must diffuse out of the solution towards the surface where the capture probes are located.
Often a rate accelerator is added to a solution in order to help with this process, known as Denharts solution which contains multiple high weight polymers [7] [8] [9] . These polymers take up volume in solution and exclude the DNA, allowing for diffusion to occur at a much faster rate and allowing for efficient DNA hybridisation and displacement [8, 9] . Interestingly, rate accelerators can also act as surface blockers which eliminates the need for conventional blockers such as bovine serum albumin (BSA) [9] . Furthermore, the polyethylene glycol polymer, PEG6000, can be used to block physisorption of DNA on surfaces, in particular, gold nanoparticles surfaces [8] and also can act as a rate accelerator.
Our previous work has shown the successful capture and release of amelogenin (AMEL) (a sex determination gene) and the human c-fms (macrophage colonystimulating factor) proto-oncogene for the CSF-1 receptor (CSF1PO) short tandem repeat (STR) on magnetic beads [10] . However, this process takes place over 18 h. Here, we show that capture and release can be achieved six times faster by the use of sodium dodecyl sulphate (SDS) for pre-incubation and PEG6000 (10% v/v) for hybridisation and release of genes.
Experimental

DNA extraction and dsDNA PCR product with pendant hybridisation sequence synthesis
The extraction of DNA and PCR follows the protocol of Khodakov et al. [10] . DNA used in the experiments was extracted from the author's own blood using a QIAamp DNA blood mini kit. AMEL and CSF1PO were amplified using a Promega GoTaq Flexi DNA polymerase kit. Sequences of the capture probes for AMEL and CSF1PO, as well as the modified reverse (PEG 18 linked capture probe) and forward (FAM) primers used for the PCR, are shown in Khodakov et al. [10] . The PCR procedure was followed as stated in the pamphlet provided by the supplier (1× Flexi Buffer, 1.5 mM MgCl 2 , 0.5 µM of both forward (capture probe modified) primers and reverse (fluorophore modified), 0.25 units of Taq and 1 ng of extracted DNA. The DNA was then denatured at 95°C for 5 min, with 36 cycles of 95°C for 30 s, annealing the primers at 63°C for 30 s and taq polymerase elongation at 72°C for 30 s and final elongation at 72°C for 3 min. The dsDNAPCR product with pendant hybridisation sequence was then checked using gel electrophoresis.
Coupling of oligonucleotide capture probes to magnetic beads
ABcMag™ Quick Oligo-DNA Conjugation kit containing NHS-functionalised magnetic beads was purchased from Bioclone Inc. USA, containing 100 mg of NHS-functionalised magnetic beads, 2× suspension Buffer and 10× washing buffer. Oligonucleotide capture probe functionalised magnetic beads were prepared by suspending beads in 1× suspension buffer and 5 µg/µL of heterogeneous DNA capture probes consisting of 24 bp for CSF1PO or Amel (see Khodakov et al. [10] for sequences). The suspension was placed in a thermo shaker at 50°C and 500 rpm overnight. The beads were then washed multiple times with a wash buffer and suspended in 1× phosphate buffered saline (PBS) to make a 10 mg/mL solution.
Hybridisation of dsDNA PCR product to magnetic beads with oligonucleotide capture probe
Magnetic beads that had been functionalised with an oligonucleotide capture probe were washed with 2xSSC buffer, washed with 4XSSC + 2% SDS solution and soaked for 10 min in Milli-Q water. The beads were then immediately placed in a buffer containing a 1 : 2 : 1 ratio of dsDNA PCR product with pendant hybridisation sequence, Milli-Q water and hybridisation buffer and placed inside of a centrifuge tube at 30°C unless otherwise stated. The hybridisation buffer used was a 3 M sodium chloride + 300 mM trisodium citrate (SSC) buffer solution. After hybridisation the beads were washed with a 2xSSC + 0.05 M SDS buffer, a 0.2xSSC + 0.01 M SDS (Sigma Aldrich, USA) buffer and finally rinsed in Milli-Q water to remove any non-specifically absorbed DNA on the surface of the beads. Figure 1 , Step 1 shows a schematic of the hybridisation process. 
Displacement of dsDNA PCR product via toehold mediated strand displacement
After the hybridised magnetic beads had been washed to ensure that removal of all non-specifically bound DNA the magnetic beads were suspended in a displacement solution containing 1xTris-EDTA magnesium (TEM) (Sigma Aldrich, USA) buffer and displacing sequence for both AMEL and CSF1PO as a control (see Khodakov et al. [10] for sequences). PEG6000 (5, 10 and 15% v/v) was added to the buffer and the beads were suspended in the buffer solutions for 2 h and 3 h. The beads were then extracted and the buffer solution extracted for analysis. Figure 1 , Steps 1 and 2 show a schematic of the displacement and release.
Characterisation
Gel electrophoresis was performed on all DNA samples in a 2% w/w agarose in Tris base, acetic acid and EDTA (TAE) buffer containing ethidium bromide (EtBr) at 110 V for 15 min. Gels were imaged using a Biorad Gel Doc EZ system employing a UV tray to detect the PCR product. Thermogravimetric analysis (TGA) was performed on a Perkin Elmer STA8000 thermal analyser from 60°C to 500°C at a heating rate of 10°C/min in a nitrogen atmosphere of 20 mL/min. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy was performed on a Nicolet Nexus 870 FT-IR, equipped with a Thermo Scientific ATR-IR 'Smart Orbit Attachment'. All 200 scans were performed between 600-4000 cm -1 , with a resolution of 4 cm -1 . Fluorescence microscopy images were taken at 10× magnification with an exposure of between 1 s and 10 s. A 450-490 nm band pass excitation and 510-550 nm emission filter were used to detect the presence of the FAM dye of the dsDNA PCR product.
Results and discussion
Characterisation of synthesised dsDNA PCR product with pendant hybridisation sequence
Gel electrophoresis was used to determine whether the PCR amplification of the CSF1PO STR and AMEL sex marker was successful. 
Characterisation of magnetic beads modified with oligonucleotide capture probes
Figure 3(a) and (b) shows the ATR-FTIR spectra of the NHS functionalised magnetic beads and the covalently attached oligonucleotide capture probe, respectively. Table 1 lists the key vibrations and assignments [12] . , respectively. These peaks are characteristic of silicon dioxide, which makes up the coating on the magnetic beads. The NHS groups were not as prominent with the only peak being the C=O ester stretch at 1670 cm -1 . Figure 3(b) shows a peak at 1072 cm -1 attributed the presence of a deoxyribose, or PO 2 -stretching [12] . Both are present in the structure of DNA. The DNA has caused a shift of the peaks at 970 cm -1 and 1093 cm -1 and 1185 cm -1 on the magnetic beads functionalised with capture probes [12] . This is owing to deoxyribose C-H occurring in the same region as the Si-O-Si asymmetric stretching. Evidence of nucleobases is shown at 1296 cm -1 (N-H bending), 1459 cm -1 (C 8 -H bending), 1653 cm -1 (C 2 =O stretch) and 1688 cm -1 (N-H bending) (see Table 1 ) [13] . The presence of these groups is indicative of DNA being present on the surface of the beads. All samples were dried in ethanol to remove water from the spectra. The surface coverage of the probes was calculated using TGA by determining the weight of the probes on the surface of the beads. The thermogravimetric results of magnetic beads functionalised with oligonucleotide capture probes (data not shown) decreased in weight between 110°C and 210°C which is attributed to the decomposition of the capture probes on the surface of the magnetic beads [14] . There was a 4.41% mass loss between 110°C and 210°C associated with loss of the oligonucleotide capture probes, giving a total mass loss of 65 µg. Dynamic light scattering was used to determine that the diameter of the NHS functionalised magnetic beads was 1498 ± 6 nm. Using the surface area of the beads as well as the amount of oligonucleotides (65 µg) present on the beads a coverage of 52 × 10 12 probes/cm 2 was calculated. 
Hybridisation of CSF1PO and AMEL dsDNA PCR products with oligonucleotide capture probe functionalised magnetic capture beads
Hybridisation was performed by suspending the magnetic beads functionalised with oligonucleotide capture probes in a hybridisation buffer for 6 h. The magnetic beads were removed from the solution by applying a magnetic field and then pipetting the hybridisation buffer out. The buffer solution was then extracted and run on gel electrophoresis. Figure 4 (a) shows a gel electropherogram of a comparison between successful hybridisation (right lane) and unsuccessful hybridisation (left lane) of a multiplex of the CSF1PO and AMEL dsDNA PCR products in duplicate. The presence of bright bands indicate that there is still DNA present in the buffer after the removal of the magnetic beads. If no bands were observed then all DNA was assumed to be captured by the capture probes on the magnetic beads or physisorbed to the surface of the magnetic beads. The rate of hybridisation was approximately 6 h owing to the high coverage of capture probes (52 × 10 12 probes/cm 2 ) on the surface of the magnetic beads. Peterson et al. [15] found that as the coverage of surface probes on surfaces increased from a probe density coverage of 2 × 10 12 probes/cm 2 to 12 × 10 12 probes/cm 2 the hybridisation efficiency decreased from 100% to 22% after 30 min. Previous literature has shown that for optimum hybridisation surface densities as low as 7 × 10 9 -3 × 10 10 probes/cm 2 are required [16] .
To decrease the time of hybridisation the magnetic beads functionalised with capture probes were incubated in a 4xSSC solution containing 2% SDS (v/v). Figure 4(b) shows an electropherogram of hybridisation of multiplex CSF1PO and AMEL dsDNA PCR product in Biochip buffer solution for 10 min after 10 min pre-incubation with 2% SDS (Left). Hybridisation of multiplex CSF1PO and AMEL dsDNA PCR product in Biochip buffer for 10 min after two days of pre-incubation (Right). No bright bands in the left lane of the control from either CSF1PO or AMEL indicates that there is no dsDNA PCR product left in the buffer solution after the hybridisation process. The dsDNA PCR product must therefore be hybridised or physisorbed to the surface of the beads. An increase in hybridisation rate can be attributed to the SDS interacting with the oligonucleotide capture probe and breaking any attractive forces to the surface of the beads. The SDS interacts with the DNA to form complexes that are held together through hydrophobic interactions [17] . To test if the oligonucleotide capture probes on the surface of the magnetic beads retain an extended conformation for longer periods the oligonucleotide capture probes were pre-incubated in 2% SDS buffer solution and then washed and incubated in Milli-Q water for two days. Figure 4(b) , lane 2 shows that CSF1PO and AMEL still remains in the buffer solution indicating ineffective hybridisation. This is owing to the relaxation of the DNA capture probes back onto the surface of the magnetic beads, hindering the hybridisation process.
ATR-FTIR spectroscopy was used to investigate the presence of CSF1PO dsDNA PCR products on the surface of the oligonucleotide capture probe functionalised magnetic beads. For the ATR-FTIR analysis CSF1PO was chosen due to it having a length three times that of AMEL and therefore more likely to be detected. Figure 5 shows the ATR-FTIR spectra of the oligonucleotide capture probe functionalised magnetic beads (dot-dash line), CSF1PO dsDNA PCR product hybridised to the oligonucleotide capture probe functionalised magnetic beads (dotted line) and only the CSF1PO dsDNA PCR products (solid line). Table 1 shows a list of the key vibrations and assignments. There are many key similarities between all three spectra that indicate the presence of DNA on the surface of the magnetic beads. The most prominent difference between oligonucleotide capture probe functionalised magnetic beads and CSF1PO dsDNA PCR products hybridised to the capture probes is the appearance of new peaks for adenine at 1378 cm -1 and the decrease in signal from the thymine at ~1688 cm -1 [13] . The presence of nucleobases are much more prominent at 1296 cm -1 (N-H bending), 1459 cm -1 (C 8 -H bending), 1653 cm -1 (C 2 =O stretching) and 1688 cm -1 (N-H bending) ( Table 1 ). Owing to the complexity of the DNA molecule it was not possible to determine any details about how many of each base pair was present, or the length of the DNA molecule. 
Toehold mediated strand displacement of CSF1PO dsDNA PCR product from the surface of oligonucleotide functionalised magnetic beads
The time period of toehold mediated strand displacement typically takes several hours and this is likely owing to the high density coverage of the oligonucleotide capture probes present on the surface. The displacement was performed by adding the magnetic beads with captured PCR product on the surface to a 1xTEM buffer containing the displacing sequences for CSF1PO and AMEL. Characterisation of the displacement was carried out by extracting the 1xTEM buffer solution and placing 3 µL on a microscope slide to be viewed under a fluorescent microscope. A PEG6000 rate accelerator (0-15% v/v) was added to the buffer solution to determine the effect that the rate accelerator had on the toehold mediated strand displacement. Figure 6 (top, (a)-(f)) shows fluorescent micrographs of the 1xTEM displacement buffers with 0-15% v/v PEG6000 after 2 h and 3 h. Figure 6 (bottom) shows a plot of the increase in fluorescence at various times and PEG6000 concentrations. Figure 7 (top, (a) ) shows that the displacement after 3 h using no PEG6000 resulted in no fluorescence, indicating that no detectable dsDNA PCR product was present in the buffer solution and so there was no displacement that took place. There was however a slight increase in fluorescence in the 5% v/v PEG6000 after 2 h (Figure 6 (top, (b) ) and 3 h (Figure 6 (top, (c) ), increasing by 2.1 and 3.6 fluorescent units, respectively. The 10% v/v PEG6000 after 2 h ( Figure 6 (top, (d) ) and 3 h (Figure 6 (top, (e)) had the largest increase in fluorescence, increasing by 3.7 and 6.7 fluorescent units, respectively. The 10% v/v PEG6000 after 2 h ( Figure 6 (top, (d) ) was as effective at increasing the displacement rate as the 5% v/v PEG6000 after 3 h (Figure 6 (top, (c) ) and 10% v/v PEG6000 ( Figure 6 (top, (e)) was twice as effective at displacing the dsDNA PCR product as both the 10% v/v PEG6000 after 2 h ( Figure 6 (top, (d)) and 5% v/v PEG6000 after 3 h ( Figure 6 (top, (c)). There was no dsDNA PCR product displaced when 15% v/v PEG6000 was used as no fluorescence was detected ( Figure 6 (top, (f) ). Concentrations of approximately 13% v/v PEG6000 have been used in biological studies to precipitate DNA out of solution [18] . At 15% v/v the PEG6000 must be precipitating the dsDNA PCR product on the surface of the magnetic beads and causing further compaction that is preventing the displacing sequence from reaching the toehold.
Conclusion
Here, we describe the synthesis of dsDNA PCR products with pendant hybridisation sequences for a CSF1PO STR and AMEL sex marker. NHS functionalised magnetic beads were successfully functionalised with oligonucleotide capture probes. A surface coverage of the oligonucleotide capture probes on the magnetic beads was calculated to be 52 × 10 12 probes/cm 2 using TGA and DLS. The synthesised dsDNA PCR products were then successfully hybridised to the oligonucleotide functionalised magnetic beads. ATR-FTIR spectroscopy showed the presence of dsDNA PCR products hybridised to the oligonucleotide capture probe functionalised magnetic beads. It was found that if the oligonucleotide capture probe functionalised magnetic beads were pre-incubated in a buffer solution containing 2% SDS, the rate of hybridisation was increased with complete hybridisation of the dsDNA PCR product achieved within 10 min, as opposed to the previously reported 6 h [10] . Finally, we showed the displacement of the dsDNA PCR product from the surface of the oligonucleotide capture probe functionalised magnetic beads using toehold mediated strand displacement. The rate of displacement was shown to increase when 10% v/v PEG6000 was added to displacement buffer.
